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a  b  s  t  r  a  c  t
Structural  carbohydrates  can  constitute  a large  fraction  of  the dry  weight  of  algal biomass  and  thus
accurate  identiﬁcation  and  quantiﬁcation  is  important  for  summative  mass  closure.  Two  limitations  to
the  accurate  characterization  of  microalgal  carbohydrates  are  the lack  of  a robust  analytical  procedure
to hydrolyze  polymeric  carbohydrates  to  their  respective  monomers  and  the  subsequent  identiﬁcation
and  quantiﬁcation  of  those  monosaccharides.  We  address  the  second  limitation,  chromatographic  sep-
aration of monosaccharides,  here  by identifying  optimum  conditions  for  the  resolution  of  a  synthetic
mixture  of 13  microalgae-speciﬁc  monosaccharides,  comprised  of  8  neutral,  2  amino  sugars,  2 uronic
acids and  1 alditol  (myo-inositol  as an internal  standard).  The  synthetic  13-carbohydrate  mix  showed
incomplete  resolution  across  11 traditional  high  performance  liquid  chromatography  (HPLC)  methods,lditol acetate derivatization
iquid chromatography
nion exchange chromatography
but  showed  improved  resolution  and  accurate  quantiﬁcation  using  anion  exchange  chromatography
(HPAEC)  as  well  as alditol  acetate  derivatization  followed  by gas  chromatography  (for  the  neutral-  and
amino-sugars  only).  We  demonstrate  the  application  of monosaccharide  quantiﬁcation  using optimized
chromatography  conditions  after  sulfuric  acid  analytical  hydrolysis  for three  model  algae strains  and
compare  the  quantiﬁcation  and  complexity  of  monosaccharides  in  analytical  hydrolysates  relative  to a
typical terrestrial  feedstock,  sugarcane  bagasse.
 . Introduction
Microalgae have been identiﬁed as a potentially viable feed-
tock for the biological production of transportation biofuels [1–4].
lthough lipids are considered the most valuable components of
lgal biomass in the context of a biofuels process [5–7], other
iomass components such as proteins and carbohydrates also make
p a large fraction of the biomass [8]. The complete chemical com-
osition of algal biomass is needed for determining the biofuels pro-
uction process economics and thus the measurements of the indi-
idual components are important cost determinants [9]. Accurate
haracterization of microalgal carbohydrates is currently one of the
ajor barriers to the detailed compositional analysis of algae [8].
The term ‘carbohydrates’ refers to both monomers and poly-
ers of sugars and sugar derivatives such as uronic acids and
mino sugars. Polymers can have widely varying molecular weights
epending on the degree of polymerization, but collectively make
p the largest fraction in typical terrestrial biomass sources [10
nd references therein] and can have both a structural or storage
iological function (e.g. cellulose and starch respectively in higher
lants). Typical carbohydrate analysis involves a hydrolysis (acid or
lkaline) procedure to break up the polymers into their monomeric
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constituents, followed by chromatography for quantiﬁcation of
the individual sugars. Terrestrial lignocellulosic structural carbo-
hydrates can be hydrolyzed into 5 neutral sugars; glucose, xylose,
galactose, arabinose and mannose [11,39,40] and these 5 sugars
account for over 95% of the total carbohydrates and up to 65% of the
dry weight [29,39–41] with a minor contribution from other carbo-
hydrates such as uronic acids [12]. Terrestrial carbohydrate analysis
involves a hydrolysis (acid or alkaline) procedure to break the poly-
mers into their monomeric constituents, followed by chromatog-
raphy for quantiﬁcation of the individual sugars. These neutral
lignocellulosic sugars are typically quantiﬁed for biofuels processes
after a two-step analytical hydrolysis protocol with sulfuric acid fol-
lowed by lead-based stationary phase [11] or amino-based station-
ary phase column HPLC separation of the resulting monosaccha-
rides [13]. The lignocellulosic biomass analytical protocols allow
for full, summative mass balance closure on biomass feedstocks
like corn stover and bagasse [14]. We  have shown that in microal-
gae there is a signiﬁcant fraction of the biomass that until recently
remains unaccounted for when using the analytical hydrolysis
methods [8]. Microalgal biomass differs from cellulosic terrestrial
biomass in that the structural composition is lacking lignin and
contains higher protein and lipid levels [8,15,16]. This suggests
Open access under CC BY-NC-ND license.that not only different monosaccharides may be present within
algal hydrolysates but that hydrolysis by-products such as peptides,
amino acids, glycolipids, pigments or other cell wall materials may
interfere with chromatographic separation and quantiﬁcation.
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Microalgal carbohydrates are complex and consist of a mixture
f neutral sugars, amino sugars and uronic acids and these compo-
itions vary across species and growth conditions [17–20].  Limited
nformation is available about the classes of carbohydrates found in
icroalgae (e.g. the fraction of monomeric or polymeric carbohy-
rate forms; storage or structural polysaccharides; or the relative
mounts of glycolipids and glycoproteins). To study the chro-
atography of typical microalgal monosaccharides, we  have based
he selection of a synthetic carbohydrate mixture on literature
eports of the presence of monosaccharides in algae and opti-
ized the chromatography accordingly to ensure that the major
onosaccharides identiﬁed after hydrolysis optimization can be
uantiﬁed.
Traditionally, carbohydrates in algal biomass samples are quan-
iﬁed using a phenol–sulfuric acid protocol, where sugars are
ydrolyzed to furans and measured spectrophotometrically [21].
owever, it has been shown that different sugars have variable
esponses and the quantiﬁcation has been shown to be highly vari-
ble and lipid, protein, and pigment components found in algae
re therefore likely to interfere with the carbohydrate content
easured by this method [21,22]. The spectroscopic measurement
uffers from the assumption of equal sensitivity and reactivity of all
arbohydrates so that with complex carbohydrate mixtures found
n algae, this measurement is likely to over- or underestimate the
ctual total carbohydrate content.
We  have chosen to focus on the development and optimization
f chromatographic systems to separate and quantify the major
arbohydrate monomers found in microalgae. With the increased
omplexity of microalgal carbohydrates, the standard liquid chro-
atography conditions may  not be able to resolve all of the major
arbohydrate components. This concern prompted the objectives
f this work where the application of different gas and liquid chro-
atography systems were compared in their ability to resolve a
ixture of 13 major microalgal carbohydrates and allow for quan-
itative recovery of each of the sugars.
Gas chromatography (GC) of neutral carbohydrates as volatile
erivatives has a reputation of excellent resolution of individ-
al sugars [23–26].  Typically two different chemical derivatization
ethods are used to render sugars volatile for gas chromatography;
rimethyl silylation (TMS) [23] and alditol acetate derivatization
AA) [24–26].  Unfortunately, TMS  derivatives suffer from instabil-
ty due to the presence of moisture and also yield multiple peaks
or a given sugar due to anomeric preservation throughout the
MS  derivatization procedure [23]. To reduce chromatogram com-
lexity and simplify the interpretation, we chose to use the alditol
cetate derivatization procedure. One of the disadvantages of the
lditol acetate-derivatization is that it is impossible to distinguish
etween the reduced neutral sugar and the presence of that sugar
lcohol; e.g. glucose is reduced to sorbitol which is then acety-
ated to glucose hexaacetate, making it impossible to distinguish
etween glucose and sorbitol in the original mixture. Additionally,
hen alditol acetate derivatization and GC are used for aminated
arbohydrate analysis earlier reports noted the instability of these
erivatized compounds due to molecular rearrangement, possibly
aused by a number of factors such as thermal instability, con-
act with stainless steel, and activated sites on the GC inlet liner
27].
Liquid chromatography can signiﬁcantly reduce sample prepa-
ation time compared with derivatization for gas chromatography.
owever, one typically has to contend with a much-reduced chro-
atographic resolution, which can be problematic for complex
ixtures [28]. One promising liquid chromatography system is
igh-performance anion-exchange chromatography (HPAEC) with
ulsed amperometric detection (PAD) [28–30].  The advantage of
his chromatography and detection system is that the three major
arbohydrate classes; neutral and amino sugars and uronic acidsgr. A 1270 (2012) 225– 234
can be simultaneously measured [31]. Anion exchange chromatog-
raphy has an advantage over reverse phase chromatography in
that it gives fast and efﬁcient separations of complex carbohydrate
mixtures [30]. There have been a number of reports in the litera-
ture illustrating the use of anion exchange chromatography for the
simultaneous analysis of basic, neutral and acidic sugars in aqueous
solutions [31,32]. Electrochemical detection (pulsed amperometry)
allows for selective measurement of electroactive species, allowing
for many interfering species to pass through the system undetected
because they cannot be oxidized or reduced. For example, selective
detector waveform potentials for the detection of monosaccharides
will not suffer from interferences by non-carbohydrate compounds
in the same solution. We  have selected a Dionex (Thermo) CarboPac
PA-1 column because this was  reported to provide excellent reso-
lution between galactose and glucosamine, two of the major sugars
present in algae and some of the most difﬁcult monosaccharides to
separate by HPAEC [27].
A comprehensive comparison of available chromatography
methods for the separation and quantiﬁcation of a complex mix-
ture found in algal carbohydrates has not been carried out before.
Therefore, the objectives of this work were to (i) identify optimum
chromatography conﬁgurations for the separation of a synthetic
13-compound algal carbohydrate mixture based on the quality of
detection and resolution across 13 different conﬁgurations, (ii) test
the quantiﬁcation limits of the most useful methods and (iii) apply
a subset of 3 chromatography systems, HPLC-RID, HPAEC-PAD and
GC, to the quantiﬁcation of monosaccharides after acid hydrolysis
of 3 algal biomass samples with a reference lignocellulosic biomass
(sugarcane bagasse) material for comparison.
2. Materials and methods
2.1. Materials
An aqueous solution was prepared containing 12 individ-
ual microalgae-speciﬁc carbohydrates and an internal standard
(myo-inositol) containing the following monomeric carbohydrates:
glucose (cat. #: G7528-250G), xylose (cat. #: X1500-500G), rham-
nose (cat. #: R3875-5G), galactose (cat. #: G0750-100G), fucose
(cat. #: F8150-5G), arabinose (cat. #: A3131-100G), mannose
(cat. #: M2069-25G), myo-inositol (internal standard, IS) (cat. #:
I5125-50), ribose (cat. #: R7500-5G), glucosamine:HCl (cat. #:
G4875-25G), galactosamine:HCl (cat. #: G0500-5G), glucuronic
acid (cat. #: G5269-10G) and galacturonic acid (cat. #: 48280-
5G-F), all purchased from Sigma–Aldrich with a purity of >99%.
The powders were dried at 40 ◦C in a vacuum oven overnight and
stored in a desiccator. We  prepared solutions of individual car-
bohydrates at known concentrations between 1 and 3 g/L, which
were then used for retention time evaluation. A mixed calibra-
tion stock solution was  prepared containing 7–10 g/L of each of the
13 compounds, which was used to prepare a calibration curve for
the HPAEC-PAD system as well as for the single point calibration
used for GC quantiﬁcation. Additionally, a 13-carbohydrate solu-
tion containing 1.6 g/L glucose and between 0.2 and 0.7 g/L of all
other components was prepared and used as the calibration veriﬁ-
cation standard (CVS). GC retention times were further veriﬁed by
injection of purchased alditol acetate carbohydrate standards from
Sigma–Aldrich, parts 47880-U and 47881 which contained only 8
of the 13 acetylated carbohydrates of interest.
Water was puriﬁed to 18.2 M through a Milli-Q puri-
ﬁer. Additional chemicals including sulfuric acid (72%, w/w),
ammonium hydroxide, glacial acetic acid, acetonitrile, potassium
borohydride, 1-methylimidizole, dimethyl sulfoxide, potassium
hydroxide, sodium acetate and dichloromethane were purchased
from Sigma–Aldrich and used without further puriﬁcation.
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Table 1
HPLC conditions tested, HPLC conditions 1–11 represent individual systems with the relevant conditions summarized. Abbreviations: RID, refractive index detection; CAD,
charged aerosol detection; ACN, acetonitrile; NP, normal phase; SEC, size exclusion chromatography.
System # Column Phase Mobile phase A Mobile phase B Flow rate
(mL/min)
Time (min) Column temp (◦C) Injection vol (L) Detector
1 Shodex SP0810 Pb2+ Water N/A 0.6 35 80 50 RID
2 Biorad HPX-87H H+ 0.01 M H2SO4 N/A 0.6 55 60 50 RID
3  Shodex SZ5532 Zn+ Water ACN 1.3 18 60 10 CAD
Gradient proﬁle 22 78 1.3 18
45 55 1.3 14
18 82 1.3 10
22 78 1.3 0
4 Shodex 801 SEC Water N/A 0.6 30 80 25 RID
5  Shodex 801 SEC 0.001 M NaOH N/A 0.6 30 80 25 RID
6  Reszek Fast Fruit H+ 0.01 M H2SO4 N/A 0.6 30 25 RID
7  Prevail ES carbohydrate NP Water ACN 1.0 60 30 10 RID
8  Prevail ES carbohydrate NP Water ACN 1.0 60 30 10 CAD
Gradient proﬁle 35 65 1.0 60
15 85 1.0 0
9  Prevail ES carbohydrate NP 0.04% NH4OH ACN 1.0 60 30 10 CAD
Gradient proﬁle 35 65 1.0 60
15 85 1.0 0
10 Imtakt UK-aminopropyl NH2 Water ACN 1.0 35 30 5 RID
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c11  Imtakt UK-aminopropyl NH2 Water ACN 
Gradient proﬁle 25 75 
10 90 
.2. Algal biomass
Algal biomass from the following strains: Chlorella vulgaris UTEX
95 (University of Texas Culture Collection, Austin, USA); Phaeo-
actylum tricornutum P632 (University of Texas Culture Collection,
ustin, USA); and Nannochloropsis sp. was used for the hydroly-
is experiment and quantiﬁcation. The biomass was either grown
n our laboratory (C. vulgaris and P. tricornutum) according to the
rowth and culture conditions described in Ref. [7] or obtained as
 kind gift (Nannochloropsis sp.) from Dr. Ami  Ben-Amotz (Seambi-
tic, Israel).
.3. Chromatography method development overview
HPLC conditions were chosen by ﬁrst evaluating common
iomass and food chemistry analytical techniques. Additional
hromatography conditions were chosen from carbohydrate appli-
ation notes provided by Grace Scientiﬁc (Prevail ES), Waters
Shodex) and Imtakt (amino-propyl). Single component solutions
ere injected onto these columns to record individual retention
imes, followed by injections of the prepared 13-compound solu-
ion.
.3.1. HPLC system
Liquid chromatography was conducted on an Agilent 1100 with
uaternary pumps using either refractive index detection (RID,
gilent model G1362) or charged aerosol detection (CAD, Dionex
odel ESA Corona P/N: 70-9116). Table 1 describes the various
olumns, mobile phases and column temperatures that were tested.
.3.2. HPAEC system
Carbohydrate separation by ion exchange chromatography was
tudied using a Dionex ICS 3000 system with a single pump, an
luent generator, a single temperature detector/column compart-
ent, and an autosampler, equipped with a PA-1 column (Dionex
 035391) and guard cartridge (Dionex # 043096). The methods
mplemented for comparison were modiﬁed from Clarke et al. [31]
nd Cheng and Kaplan [32]. The optimization experiment discussed
n the results section involved a parametric study of column tem-
eratures between 17 and 40 ◦C and NaOH concentration between 1
nd 50 mM.  The ﬁnal method for separation of the neutral and acidic
arbohydrates included an isocratic elution of buffer A (20 mM0.6 30 30 5 CAD
0.6 20
0.6 0
NaOH) and the application of a linear gradient after 13 min  to buffer
B (100 mM NaOH/150 mM sodium acetate) over 17 min. The col-
umn  was maintained in buffer B for 5 min  and then washed with
100 mM NaOH for 5 min  prior to a re-equilibration of 30 min in
buffer A. The detector (pulsed amperometric-EDet1) used the Gold
Standard PAD waveform with an AgCl reference electrode, this
includes the following electrode potentials set as waveform A; E1:
+0.1 V for 400 ms,  E2: −2.0 V for 1 ms,  E3: +0.6 V for 1 ms,  E4: −0.1 V
for 6 ms.
2.3.3. GC system
Gas chromatography of alditol acetates was  conducted on
an Agilent 6890N equipped with a 7683B automatic liq-
uid sampler, ﬂame ionization detector (FID) and a DB-225MS
20 m × 250 m × 0.25 m capillary column (cut from 30 m column,
cat. # 122-2932, Agilent). The inlet pressure was  7 psi at 210 ◦C,
with a 10:1 split and total ﬂow of 12.8 mL/min He carrier gas.
The FID temperature was 250 ◦C, with gas ﬂows set at 20, 30 and
400 mL/min, He makeup, H2 and air, respectively. Column temper-
ature was  held 1 min  at 70 ◦C, ramped at 20 ◦C/min to 210 ◦C, held
8 min, ramped at 8 ◦C/min to 240 ◦C and held for 5 min. The ana-
lytical method was  adapted from Hoebler et al. [26]. Quantiﬁcation
of sugars was conducted with myo-inositol as an internal standard
against a single point mixed GC calibration standard.
2.4. Alditol acetate derivatization
The method for alditol acetate derivatization was adapted from
Hoebler et al. [26] and the protocol found in Ref. [33]. Adaptations
to reduce thermal degradation of aminated sugars included a
reduction in the acetic acid concentration in the KBH4 neutraliza-
tion step and a reduction in the temperature of the GC inlet from
250 to 210 ◦C. In brief, the procedure involves the following steps;
100 L of ammonium hydroxide was added to a 300 L aliquot
of aqueous sugar solution containing myo-inositol as the internal
standard. To that, 0.5 mL  of freshly prepared 0.5 M KBH4 in DMSO
was added and the solution was  incubated at 40 ◦C for 90 min.
The samples were removed from the heat, 100 L of glacial acetic
acid was  added, then the solutions were allowed to cool to room
temperature (about 10 min). Next, 300 L of 1-methylimidazole
and 2 mL  of acetic anhydride were added and allowed to cool to
room temperature followed by the addition of 5 mL  of water. The
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Table 2
Retention times (min) of individual standards run on HPLC, HPAEC and GC. The condition numbers correspond with those presented in Table 1 and in Sections 2.5 and 2.6.
Conﬁgurations 6, 7 and 10 are not shown, due to very poor separation of analytes. NA = not applicable, ND = not detected.
Analyte 1 2 3 4 5 8 9 11 HPAEC GC
Glucose 14.80 9.44 9.70 13.71 8.28 14.40 21.25 11.08 11.11 13.98
Xylose 16.00 10.09 4.75 14.55 8.87 11.12 13.46 8.64 12.33 10.46
Rhamnose 17.10 10.65 3.35 13.90 8.34 8.60 9.94 7.99 7.13 8.85
Galactose 17.30 10.08 10.90 14.30 8.81 6.89 ND 16.25 10.63 13.62
Fucose 18.80 11.59 4.84 15.14 9.28 9.40 10.32 8.20 4.61 9.01
Arabinose 19.20 11.02 6.15 15.45 9.62 10.90 ND 8.64 8.43 9.71
Mannose 19.60 10.04 9.30 14.43 8.84 13.50 ND 11.08 11.88 13.17
Myo-inositol 23.30 9.86 15.61 15.16 9.28 17.40 28.38 22.59 1.84 14.13
Ribose 40.00 11.35 5.60 16.94 10.88 8.70 ND 7.99 15.79 9.49
Glucosamine ND ND 20.00 8.74 5.55 10.10 17.97 20.90 8.88 24.66
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Glucuronic acid ND 8.30 2.40 8.77 
Galacturonic acid ND 8.90 2.40 8.76 
olution was vortexed brieﬂy and left for 10 min  to destroy excess
cetic anhydride. The alditol acetate-derivatized monosaccharides
ere extracted by addition of a single 2 mL  aliquot of DCM and
ortexed for 10–15 s. The DCM layer was then washed with 5 mL
ater and 100 L of 50% KOH in a separate test tube. The bottom
CM layer was removed and transferred to GC vials for analysis.
.5. Acid hydrolysis conditions
Algal biomass was subjected to analytical acid hydrolysis with
odiﬁcations to methods described in Refs. [7,11].  In brief, 100 mg
f air-dried algal biomass was subjected to a two-stage sulfuric
cid hydrolysis (1 h at 30 ◦C in 72 wt% sulfuric acid in a water bath,
ollowed by 1 h at 121 ◦C in 4 wt% sulfuric acid in an autoclave).
fter hydrolysis, the acid insoluble residue was separated from
he hydrolysate using glass ﬁber ﬁlters (<0.2 m pore size). A con-
rol sample of NIST sugarcane bagasse (NIST reference material
491) was included and subjected to the same hydrolysis condi-
ions. Hydrolysis conditions were not optimized with respect to
ime, temperature or acid concentration. Further work to opti-
ize algal carbohydrate hydrolysis conditions is ongoing in our
aboratory.
.6. Chromatographic quantiﬁcation testing
Single monosaccharide injections were made on all systems to
etermine retention times followed by injections of the 13 com-
ound mixture. Those methods providing peak resolution of at least
0% for all 13 carbohydrates were then used for calibration and CVS
 recovery determination calculated from a regression calibration
nalysis. The instrument limit of detection (LOD) was determined
y at least 3 injections at or below the low level standard yielding
 signal-to-noise ratio of at least 4:1 and a relative standard devi-
tion (RSD) less than 10%. Injection repeatability was  determined
s the relative standard deviation (RSD) for each chromatography
ystem for triplicate injections of the CVS solution.
. Results and discussion
.1. Carbohydrate separation
The ﬁrst objective of this work was to identify optimum chro-
atography conditions for the separation of a synthetic mixture
f 13 monosaccharides and 1 alditol (myo-inositol as an internal
tandard). We  compared the resolution of the synthetic mix  using
ifferent chromatography systems, high performance liquid chro-
atography (HPLC), ion exchange chromatography (HPAEC-PAD)
nd gas chromatography (of alditol acetate-derivatized monosac-
harides).5.54 8.66 NA 17.78 7.61 27.00
5.50 7.10 ND ND 27.23 NA
5.56 6.89 ND ND 26.61 NA
3.1.1. HPLC
Reverse phase HPLC was used in 11 different conﬁgurations
(Table 1) to separate our synthetic mix. The retention times for
the individual monosaccharides using these methods are shown in
Table 2. Example chromatograms of the 13-monosaccharide mix
run on HPLC conﬁgurations 1 and 8 are shown in Fig. 1B and A,
respectively. The HPLC methods tested (conditions 1–11) showed
either several missing components or several closely eluting peaks,
which limit their usefulness for this algal carbohydrate application.
Most of the conﬁgurations allowed for the detection of the neu-
tral monosaccharides, however the amino sugars and uronic acids
were not detected in several conﬁgurations (Table 2). Fig. 1A and B
shows example chromatograms of the elution using conﬁgurations
8 and 1, respectively, both traditional chromatographic conﬁgura-
tions for standard carbohydrate analysis. Although conﬁgurations
4, 5 and 8 are able to detect all the sugars in our mixture, the elu-
tion of 4 out of 13 compounds as one broad peak in a retention
time window of less than 1 min, makes these methods unsuitable
for our purposes. Conﬁgurations 6, 7 and 10 were not included
in Table 2 because the chromatography did not show separation
of the 13 components into more than 3 large peaks. Some of the
problems with the detection of the monosaccharides, such as those
listed in Table 2, are often related to the low or non-selective and
inconsistent responses from the detector (RID, CAD). This, in addi-
tion to the often-poor separation, makes these methods unsuitable
for algal biomass derived monosaccharide quantiﬁcation. The data
shown in Table 2 and Fig. 1 indicate that poor resolution can cause
misidentiﬁcation of the monosaccharides found in microalgae.
3.1.2. HPAEC-PAD
Because of the limitations of HPLC we  investigated the applica-
bility of HPAEC for the resolution of the synthetic monosaccharide
mix. Although previous reports in the literature described the
simultaneous detection of neutral, amino- and acidic sugars using
HPAEC [31,32],  none of the reported mixtures were as complex as
the one described here and the published methods were unable to
fully resolve our mix.
Earlier reports already indicated that the elution order and
retention times of individual monosaccharides vary with the NaOH
eluent concentrations [31,32].  Separation using HPAEC is based on
the pKa of individual monosaccharides and thus the elution order
and retention time is correlated with changes in temperature and
alkalinity. The slowest eluting compounds typically have the low-
est pKa. To increase the speed of analysis, both the NaOH eluent
concentration and temperature can be increased. We have carried
out an optimization study to ﬁnd the best chromatography con-
ditions to separate the mix  of 13 individual monosaccharides. The
column temperature was varied between 15 and 40 ◦C while vary-
ing the concentration of the NaOH eluent from 1 through 50 mM.
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Fig. 1. Chromatograms of 13 component mixture of monosaccharides; (A) HPLC with Prevail carbohydrate column using water/ACN as eluent (condition 8, Table 1), (B) HPLC
with  Shodex Pb2+ column with water as eluent (condition 1, Table 1), (C) alditol acetate-derivatized monosaccharides by GC, (D) HPAEC-PAD with NaOH and NaAc as eluent
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cetate derivatization.
he relationship between the retention times, the concentrations
f NaOH in the mobile phase, and column temperature is shown
n Fig. 2. The retention time shifts appear to be monosaccharide-
ependent, i.e. not all carbohydrates are equally variable, which is
onsistent with varying pKa of each sugar. This study allows us to
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(13) galacturonic acid. * possible amino-sugar degradation products during alditol
extrapolate which combination of temperature and NaOH eluent
concentration is optimal for the resolution of a given combina-
tion of monosaccharides. Our optimized chromatography condition
(37.5 ◦C and 20 mM  NaOH) is completed in a total run time of
35 min  as opposed to the original method of over 60 min, though
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ion time and order for 10 individual monomeric carbohydrates with either varying
mperature (17–40 ◦C) at two  NaOH concentrations (B). Optimum condition; 37.5 ◦C,
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Table 3
Precision (%RSD) and recovery of individual monosaccharides in the complex mixture for HPAEC-PAD and alditol acetate by GC. CVS, calibration veriﬁcation standard,
recovery = measured conc./theoretical concentration for 6 replicate injections during a 74-h analysis run; RSD, relative standard deviation (SD/mean conc.); LOD, limit of
detection; NA, not applicable; IS, internal standard.
Analyte Analytical conc. (g/L) HPAEC-PAD Ald. Ac. GC
CVS recovery RSD (%) (n = 6) LOD (mg/L) CVS recovery RSD (%) (n = 6) LOD (mg/L)
Glucose 1.56 95.1 4.4 11.8 96.7 1.1 0.5
Xylose 0.42 106.2 2.6 20.8 98.1 2.4 0.5
Rhamnose 0.42 97.9 7.4 18.7 95.0 2.4 0.5
Galactose 0.5 90.4 8.3 23.1 96.1 1.5 0.5
Fucose 0.62 98.0 3.5 19.8 94.1 2.4 0.5
Arabinose 0.41 96.1 5.7 22.2 96.8 2.5 0.5
Mannose 0.62 98.6 5.7 6.3 95.8 1.5 0.5
Myo-inositol (IS) 0.68 100.0 3.7 24.7 93.0 NA 0.5
Ribose 0.33 95.7 3.2 28.3 97.6 2.6 0.5
Glucosamine 0.57 97.8 4.8 11.6 94.0 0.8 3.5
n
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m
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aGalactosamine 0.48 94.1 5.5 
Glucuronic acid 0.44 98.5 5.5 
Galacturonic acid 0.38 100.4 7.3 
ot including the approximately 30 min  column regeneration time
t the end of the run that was required for both the old and new
ethods. This shorter run time is desirable for reducing the expo-
ure to alkali and thus minimizing the potential degradation of
onosaccharides. The resolution of our ﬁnal optimized condition
s shown as a dotted line in Fig. 2 and a representative chro-
atogram is shown in Fig. 1D. Using these conditions, we achieved
0–100% recovery of each compound in our calibration veriﬁca-
ion standard (CVS, Table 3). The dynamic range of concentrations
or which the response was linear spanned almost 2 orders of
agnitude (0.05–5 g/L, Fig. 3). The response factors of individual
ig. 3. HPAEC-PAD response for 10 individual monomeric carbohydrates over a 3-
rders of magnitude range of concentration. Chromatography conditions used were
s  optimized and described in the text.33.2 93.0 3.5 3.5
40.5 NA NA NA
14.6 NA NA NA
sugars vary and appear to group by class of carbohydrates, e.g. the
uronic acids have a much lower response compared to the neutral
monosaccharides measured and the highest response was  mea-
sured for the internal standard myo-inositol. The relative standard
deviation (RSD) of replicate injections was  determined as a mea-
sure of conﬁdence in the quantiﬁcation of the CVS mixture and
was found to be between 2.6% and 8.3% (Table 3). This variabil-
ity is mainly due to small instabilities in the baseline over the
duration of a run. The limit of detection (LOD) is deﬁned as the
lowest concentration of monosaccharides in solution that can be
distinguished (with a 4:1 baseline resolution as described in the
methods section) from a blank injection in the chromatograms
with a similar reproducibility as is typically found for the cal-
ibration mixture. The lowest concentration of monosaccharides
we can detect is shown in Table 3 and ranges between 6 and
40 mg/L, corresponding to between 7.2 and 48 g injected on the
column (at a 1.2 L injection volume). We  noticed that variability
of the measurements increased at the lowest concentrations tested
and we  only reported those LOD values where the RSD of repli-
cate injections was <10%. The HPAEC-PAD system showed a lot of
variability and issues with baseline stability over the course of mul-
tiple runs, which negatively affected reproducibility of individual
injections.
3.1.3. Alditol acetate GC
Alditol acetate derivatization was included in this study as
an alternative carbohydrate quantiﬁcation method. Although the
sample preparation procedure is lengthy compared with liquid
chromatography of monosaccharides, the resolution of the neu-
tral monosaccharides is superior and the actual chromatography
time is similar if not shorter compared with liquid chromatogra-
phy, as shown in Fig. 1C. The recovery of individual sugars in our
CVS mixture is shown in Table 3 and we  recovered between 90
and 100% for the monosaccharides susceptible to derivatization.
To avoid thermal degradation of amino sugars during GC analy-
sis, we have modiﬁed the procedure from the originally described
method to reduce the acetic acid concentration in the KBH4 neu-
tralization step and to reduce the temperature of the GC inlet (as
described in Section 2). This improved the recovery of our CVS
for the amino sugars; glucosamine and galactosamine. We  did not
detect the uronic acids in the mix  since these are not converted to
alditol acetates during the derivatization process. A single point
calibration in triplicate was used for quantiﬁcation after verify-
ing the linear dynamic range of the GC system using a commercial
pre-derivatized alditol acetate mixture. The limit of detection for
the alditol acetate derivatization procedure was up to 100-fold
lower for some carbohydrates than for HPAEC-PAD. We  lowered the
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Fig. 5. HPAEC-PAD chromatograms for monomeric sugars in hydrolysates, preparedrs in analytical hydrolysates of sugarcane bagasse (A), Phaeodactylum tricornutum
B), Nannochloropsis sp. (C), Chlorella vulgaris (D). Annotation of sugars as for Fig. 1,
 = unknown, IS = internal standard (myo-inositol).
oncentrations to 0.5 mg/L and could still distinguish reproducible
eaks in the chromatograms for all monosaccharides. This concen-
ration corresponds to 0.5 ng respective monosaccharide injected
n the column (at a 1 L injection volume). The limits of detection
or the amino sugars glucosamine and galactosamine were very dif-
erent from the neutral sugars, likely due to thermal degradation of
erivatized compounds during gas chromatography (Table 3).
.2. Carbohydrate quantiﬁcation in algal biomass acid
ydrolysates
The second objective of this work was to apply the optimum
hromatography conditions found for HPAEC-PAD and GC for
uantiﬁcation of monosaccharides in algae. We  also compared
hese to the typical lignocellulosic carbohydrate system, which is
ased on HPLC-RI (conﬁguration 1 in Table 1). The comparison was
ased on the resolution and quantiﬁcation of monosaccharides
btained after analytical hydrolysis of algal biomass with H2SO4.
hree algal strains were used for this comparison, Nannochloropsis
p., C. vulgaris and P. tricornutum, representing model organisms
rom the Eustigmatophyceae, green algae and diatom families,
espectively. We  included a sample of sugar cane bagasse (NIST
491) in this study as a model terrestrial lignocellulosic feedstockby  two-stage sulfuric acid hydrolysis (only ﬁrst 20 min  are shown). (A–D) same
as  for Fig. 4, annotation of sugars as for Fig. 1, u = unknown, IS = internal standard
(myo-inositol).
for quantiﬁcation, to allow for comparison with our own  historical
data. The GC chromatograms shown in Figs. 4–6 illustrate a much
greater complexity of carbohydrates in microalgae hydrolysates
compared with sugarcane bagasse. Furthermore, carbohydrates
considered minor in lignocellulosic biomass could become major
contributors in microalgae; e.g. mannose is the major monosaccha-
ride in the hydrolysate of P. tricornutum as is galactose in C. vulgaris.
The chromatograms also indicate that the 13 monosaccharides
included in our synthetic calibration mix  cover the majority of the
sugars identiﬁed in algae (aside from galactosamine which was
in all cases below our limit of detection). We  recognize that the
sulfuric acid hydrolysis may  not hydrolyze all structural carbo-
hydrates into monosaccharides and thus the quantiﬁcation may
underestimate the actual total structural carbohydrate content.
The unknown peaks eluting in the GC chromatograms shown in
Fig. 4 before 7 min  are likely small, volatile acetylated compounds
formed during the acetylation process. The derivatization reaction
is selective to SH, NH and OH functional groups, regardless
of their origin. Because of the short elution time relative to other
monosaccharides, the peaks before 7 min  are unlikely to be due to
sugars. The peak at 7.8 min  is possibly an acetylated monosaccha-
ride; however its identity is currently unknown.
For HPAEC we  show only the ﬁrst 20 min  in the interest of
highlighting the more complex region of the chromatograms
(Fig. 5). A couple of unknown compounds can be observed in
the chromatograms; however they are mostly minor peaks com-
pared with the identiﬁed monosaccharides. Of special note is
the presence of a major peak at 3 min  in the Nannochloropsis sp.
chromatogram (Fig. 5C). Since we  used a carbohydrate selective
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fig. 6. HPLC Pb2+-column chromatograms monomeric sugars in hydrolysates prepa
nnotation of sugars as for Fig. 1, u = unknown, no internal standard was  added for 
aveform conﬁguration for the PAD, this peak is likely of carbo-
ydrate origin, however the identity is unknown. If it is indeed a
arbohydrate, the quantiﬁcation could increase the total structural
arbohydrate content presented in Table 4.
The HPLC-RI chromatograms are shown in Fig. 6 and were
btained using conﬁguration 1 in Table 1, which is traditionally
onsidered a standard and robust carbohydrate chromatography
ystem for lignocellulosic biomass. The resolution of the terres-
rial feedstock sample, sugarcane bagasse (Fig. 6A), shows a clean
nd stable signal with 4 main peaks for 5 sugars (note: though not
bvious from the ﬁgure, the 4th peak contains both arabinose and
annose). The extra complexity in the algal hydrolysates, multiple
oelution issues, and the apparent drops in the baseline that can be
een (e.g. around 16 min  in algal hydrolysates) can cause difﬁculties
n accurate quantiﬁcation of the carbohydrates (Fig. 6B–D).
Sugar recovery standards are typically used for lignocellu-
osic materials as part of standard methods in order to correct
or losses of monosaccharides during the autoclave acid hydrol-
sis step that occurs at 121 ◦C for 1 h [11]. For the algal species
nvestigated, no attempt was made to correct for losses of carbo-
ydrates during hydrolysis for these experiments. We  understand
hat there are losses occurring during the hydrolysis process for
lgal biomass, however, without knowledge of the origin and struc-
ure of the polysaccharides, we could not calculate this adequately
r include appropriate controls. When this information is available,
uture hydrolysis and carbohydrate quantiﬁcation experiments will 2-stage sulfuric acid hydrolysis. Conﬁguration 1 in Table 1. (A–D) same as for Fig. 4,
alysis.
include a study of the stability of individual polymers through
hydrolysis procedures.
The data in Table 4 show that for a well-characterized feed-
stock such as sugarcane bagasse, three different chromatography
methods for carbohydrate analysis did not show major differences
in total quantiﬁcation. Some variation in individual monosaccha-
ride quantiﬁcation can be attributed to incomplete resolution of
the monosaccharides (e.g. arabinose and mannose). However, for
both C. vulgaris and P. tricornutum, there is a signiﬁcant contribution
of non-neutral sugars, which causes a difference in total carbohy-
drate quantiﬁcation if these are not measured, as is the case for
HPLC-RI. Furthermore, neutral monosaccharides such as rhamnose
and fucose are not resolved by HPLC-RI but can contribute more
than 2% of the biomass (for P. tricornutum fucose and for C. vulgaris
rhamnose). This coelution can result in the incorrect quantiﬁcation
of galactose and arabinose concentrations.
Although information about the original polysaccharide struc-
tures is not available from this work, the presence of the
individual monosaccharides in these model organisms can give
some indication of the carbohydrate of origin based on phy-
logenetic information from the literature. The presence of the
predominant sugars galactose and rhamnose and the presence
of glucosamine in C. vulgaris and mannose and glucose in P. tri-
cornutum and Nannochloropsis sp. is consistent with phylogenetic
distinctions between the green algae and the stramenopiles [35,42].
The most prominent monosaccharide in C. vulgaris is galactose,
D.W. Templeton et al. / J. Chromatogr. A 1270 (2012) 225– 234 233
Table 4
Carbohydrate quantiﬁcation in 3 algae samples and sugarcane bagasse. Values are the mean ± standard deviation for triplicate hydrolyzes of 100 mg of dry biomass.
Instrument Bagasse 8491 Phaeodactylum tricornutum Nannochloropsis sp. Chlorella vulgaris
Total carbohydrates HPAEC-PAD 62.2 ± 1.2 19.6 ± 1.0b 8.6 ± 0.6 20.5 ± 1b
Ald. Ac. GC 62.4 ± 0.5 12.8 ± 0.2 9.2 ± 0.4 12.8 ± 0.2
HPLC-RI 64.2 ± 0.2a 16 ± 0.6 5.9 ± 0.1c 14.4 ± 0.3
Glucose HPAEC-PAD 38.5 ± 0.4 2.7 ± 0.2 4.2 ± 0.2 4.8 ± 0.2
Ald.  Ac. GC 36.9 ± 0.3 2.3 ± 0.1 3.8 ± 0.3 4.1 ± 0.1
HPLC-RI 39.8 ± 0.2 2.6 ± 0.2 3.9 ± 0.1 5.1 ± 0.1
Xylose  HPAEC-PAD 21.2 ± 0.5d 1.6 ± 0.1 0.2 ± 0 0.6 ± 0.1
Ald.  Ac. GC 22.9 ± 0.2 1.8 ± 0 0.2 ± 0 0.6 ± 0
HPLC-RI 22.5 ± 0.1 1.8 ± 0 ND 0.8 ± 0.0
Rhamnose HPAEC-PAD ND 0.7 ± 0.1 0.6 ± 0.1 1.9 ± 0.1
Ald.  Ac. GC 0.2 ± 0.0 0.4 ± 0 0.4 ± 0 1.2 ± 0
HPLC-RI NA NA NA NA
Galactose HPAEC-PAD 0.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 5.7 ± 0.2
Ald.  Ac. GC 0.4 ± 0.0 1.5 ± 0.1 1.4 ± 0 5.4 ± 0.1
HPLC-RI 0.8 ± 0.0e 1.9 ± 0.2e 1.8 ± 0e 7.1 ± 0.1e
Fucose HPAEC-PAD ND 2.1 ± 0.1 0.4 ± 0 0.3 ± 0
Ald.  Ac. GC ND 1.5 ± 0 ND ND
HPLC-RI NA NA NA NA
Arabinose HPAEC-PAD 1.7 ± 0.1 ND ND 0.7 ± 0.1
Ald.  Ac. GC 1.7 ± 0.0 ND ND 0.7 ± 0.0
HPLC-RI 1.1 ± 0.0 1.1 ± 0.1 ND 0.8 ± 0.1
Mannose HPAEC-PAD ND 6.6 ± 0.2 1.3 ± 0.1 2.0 ± 0.1f
Ald. Ac. GC 0.2 ± 0.01 5.1 ± 0.1 2.8 ± 0.1 0.3 ± 0.0
HPLC-RI ND 8.6 ± 0.4g 0.2 ± 0.0 0.6 ± 0.1
Ribose HPAEC-PAD 0.4 ± 0.2 0.5 ± 0.2 0.5 ± 0.1 0.4 ± 0.1
Ald.  Ac. GC ND 0.4 ± 0.0 0.6 ± 0.0 0.3 ± 0.0
HPLC-RI ND ND ND ND
Glucosamine HPAEC-PAD ND ND ND 0.8 ± 0.1
Ald.  Ac. GC ND ND ND ND
HPLC-RI NA NA NA NA
Glucuronic acid HPAEC-PAD ND 4.0 ± 0.1 ND 1.1 ± 0.0
Ald.  Ac. GC NA NA NA NA
HPLC-RI NA NA NA NA
Galacturonic acid HPAEC-PAD ND ND ND 2.1 ± 0.1
Ald.  Ac. GC NA NA NA NA
HPLC-RI NA NA NA NA
ND, not detected (below the detection limit); NA, not applicable either because not included/distinguished during calibration for HPLC-RI or not possible to detect.
a Values correspond with literature values for extracted sugarcane bagasse [14].
b Higher values for total carbohydrates due to quantiﬁcation of additional carbohydrates, e.g. glucuronic and galacturonic acids, and glucosamine.
c Lower value due to lower quantiﬁcation of mannose by HPLC-RID, which is notoriously difﬁcult to quantify due to it almost-coelution with arabinose.
d Lower xylose quantiﬁed by HPAEC-PAD due to incomplete resolution from mannose.
e Due to coelution of galactose and rhamnose, the galactose quantiﬁcation may  be an overestimation. These are fully resolved by GC and HPAEC and thus represent a more
accurate ﬁgure.
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cf Much higher value compared with GC, likely due to coelution with an unknown
g Coelution of fucose and mannose/arabinose causes overestimation of mannose
hich can be derived from large concentrations of galactolipids
e.g. MGDG, DGDG) that make up the photosynthetic membranes
n actively growing cells [34] or (1-6) linked galactans decorat-
ng the cell wall glycoproteins [44]. The equal concentrations of
hamnose and galacturonic acid could point to the presence of
ectic polysaccharides similar to rhamnogalacturonans or other
cidic polysaccharides [17,43]. Similarly, the presence of arabinose
nd galactose could be derived from arabino-galactans associated
ith glycosylated proteins that make up the cell wall [35]. Addi-
ionally, the presence of small amounts of xylose in addition to
lucose points to perhaps a low level of cellulose and hemi-cellulose
resent in the cell walls of C. vulgaris. The low concentration of glu-
osamine supports the presence of a reported chitin-like polymeric
arbohydrate [20]. Similarly N-acetyl glucosamine can be present
nd is likely derived from a structural polysaccharide, however,
fter hydrolysis this is mostly converted to glucosamine and thus
ot distinguished in the hydrolysates. It is anticipated that this con-
entration is higher in C. vulgaris biomass, but is not hydrolyzedound.
binose by HPLC-RID.
with the sulfuric acid hydrolysis conditions we used. A harsher HCl
hydrolysis procedure would aid with this and subsequent quantiﬁ-
cation. A parametric study of different hydrolysis conditions and
acids is ongoing and will be reported in a future manuscript.
P. tricornutum has a relatively diverse monosaccharide proﬁle
with the major monosaccharide being mannose which is either
derived from a structural mannan in the cell wall or associated with
glycoproteins in the cell matrix. The presence of fucose is likely
derived from a fucoidan polysaccharide as well as smaller amounts
of glucose and xylose (in a 2:1 ratio) indicating the presence of
some hemi-cellulose, consistent with earlier reports on cell wall
composition of Phaeophyceae [36,37].  Glucuronic acid makes up
approximately 4% of the total biomass, which is presumably derived
from alginate-like or other matrix carboxylic polysaccharides [36].Nannochloropsis sp. has the lowest carbohydrate concen-
tration of the three model algae investigated. Interestingly,
Nannochloropsis has a similar monosaccharide proﬁle (predomi-
nant monosaccharides are glucose and mannose) as P. tricornutum,
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ven though strain-speciﬁc differences in fucose, xylose, mannose
nd glucuronic acid are seen. This similar proﬁle is consistent with a
elatively close phylogenetic relationship between Nannochloropsis
nd P. tricornutum as two members of the Stramenopiles [38]. Glu-
ose is the major monosaccharide (closely followed by mannose)
nd is likely derived from a (1-3)(1-4)-glucan, also referred to as
aminarin.
Note that the origin of the monosaccharides and the polysac-
haride structure discussion is merely speculative and needs to be
ollowed up with a comprehensive study comprised of a combina-
ion of chemical and enzymatic hydrolysis experiments.
. Conclusions
To our knowledge, this is the ﬁrst comprehensive study of chro-
atography methods speciﬁcally tailored to a complex mixture
f monosaccharides derived from microalgae. The availability of
uch a method allows researchers to characterize algal biomass
ith respect to carbohydrate proﬁles which is not possible using
 colorimetric phenol–sulfuric acid method. The composition of
lgal carbohydrates can determine different avenues for the uti-
ization of lipid-extracted-biomass. Our data show that HPAEC-PAD
as able to resolve all 13 monosaccharides and derivatization fol-
owed by GC, which was able to detect and accurately quantify
1 out of 13 sugars (uronic acids are not derivatized or detected
nder the reaction conditions tested). The GC-based separation
f monosaccharide derivatives produces narrower and baseline
esolved peaks and allows for the detection and discovery of addi-
ional carbohydrates. However, the inability to detect uronic acids
ill limit complete carbohydrate quantiﬁcation, as algal cells can
ontain large quantities of uronic acids. In addition, the labori-
us sample preparation steps makes derivatization and GC less
pplicable to the quantiﬁcation of large sample sets. We  antic-
pate a role for derivatization-GC in the identiﬁcation of novel,
eutral, carbohydrates and veriﬁcation of quantiﬁcation of novel
lgal biomass feedstocks. One limitation of the HPAEC-PAD sys-
em is that, although it shows promise in the resolution of our
arbohydrate mix, the chromatography was relatively sensitive to
ariations in sample matrices and exhibited baseline and repro-
ucibility issues.
These valuable chromatography tools have allowed us to charac-
erize the monosaccharides released after sulfuric acid hydrolysis
f three types of algae. Further work in structural carbohydrate
elease, either by chemical or enzymatic hydrolysis, will shed light
n not only the total carbohydrate content in algae, but also the
nderstanding of the structure of algal polymeric carbohydrates.
his knowledge can be applied to conversion and fermentation
xperimental work as well as guide research into cell wall degrada-
ion procedures to aid with simultaneous oil extraction and release
f soluble sugars.
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